In this study we compared the function and morphology of two types of neural grafts: allografts of fetal ventral mesencephalic (VM) tissue and xenografts of embryonic stem cell (ESC)-derived dopamine neurons. Mouse embryonic stem cells were cultured and exposed to differentiation factors that induced approximately 10% of the cells to express a dopaminergic phenotype. These cells were then harvested and implanted into the denervated striatum of rats with unilateral lesions of the nigrostriatal pathway. Another group of lesioned rats received allografts of fetal ventral mesencephalic tissue. While both types of grafts yield a similar number of tyrosine hydroxylase (TH)-positive cells, amphetamine-induced rotational behavior was differentially affected by these grafts: rotational behavior was significantly reduced in lesioned rats receiving allografts of fetal VM tissue while ESC grafts had slight but insignificant effects on rotational scores. Densitometry measures of TH+ fiber outgrowth revealed a similar area of reinnervation and a comparable number of TH+ cells for ESC graft when compared with VM grafts. These data suggest there are similarities and also distinct differences in the manner in which ESC and VM grafts interact with the denervated striatum.
INTRODUCTION
along the anterior neural tube (24). Furthermore, mice with a mutation that reduces but does not eliminate Recent progress in embryonic stem cell (ESC) re-FGF-8 exhibit a population of midbrain dopaminergic search has provided encouraging evidence that ESC can neurons that are severely reduced in numbers when be differentiated to dopamine neurons and used as a pocompared with normal littermates (17). Using genetitential source of dopamine neurons in cellular replacecally modified fibroblasts that express Shh, we recently ment therapies for the treatment of neurodegenerative demonstrated that co-grafts of Shh-expressing fibrodisorders such as Parkinson's disease. While direct imblasts with embryonic (E13-E14) cells obtained from the plantation of undifferentiated ESC into the brain of rats ventral mesencephalon improve the number of surviving with experimental Parkinson's disease can generate dodopamine neurons within the co-grafts (26) . While most pamine neurons and improve functional recovery (5) , of the midbrain neurons have already differentiated in undifferentiated ESC grafts can also generate noncancer-E13-E14 tissue, we believe some uncommitted neural ous overgrowths that may be detrimental to brain funcprogenitors may be present in graft tissue at this develtion. One way to overcome the problem of noncancerous opmental time point, and a combination of factors from growths is to differentiate the cells prior to implantation. the fibroblasts and/or from within the fetal tissue graft Initial studies have shown that using a five-stage differmay have differentiated these uncommitted cells to a doentiation method, 15-25% of ESC can be converted to paminergic phenotype. Initial studies using ESC-derived dopamine neurons (13). A more recent study provides dopamine neurons as a source of cellular replacement evidence that the yield of dopamine neurons could be therapy in animal models of Parkinson's disease have significantly increased by using both a Nurr1 ES cell shown recoveries in motor function similar to those obline and the same five-stage differentiation method menserved after transplantation of postdifferentiated, fetal tioned in the previous study (11) . Two factors critical dopamine neurons (11, 21) . While it is obvious ESC can for the induction of dopamine neurons are sonic hedgebe converted to cells with a dopaminergic phenotype in hog (Shh) and FGF-8b (9, 22, 24) . The combination of the culture dish, how these converted cells adapt to the Shh and FGF-8, but neither one alone, can induce neumature brain after implantation has not been fully charrons with a dopaminergic phenotype in ectopic regions acterized.
YUREK AND FLETCHER-TURNER
The purpose of this study was to compare and con-reotaxically placed into the denervated striatum of the recipient animal at the following coordinates: AP +0.5, trast the morphology and function of two different graft types: xenografts of dopamine cells derived from either ML +2.5, DV −5.5. embryonic stem cells or allografts of dopamine cells derived from the E14 ventral mesencephalon. ]. Stem cells were initially regulated rooms and had free access to food and water maintained on a feeder layer of embryonic fibroblasts; for the duration of the study. All animal procedures were embryonic fibroblasts were obtained from E12.5 C57Bl/ conducted in strict compliance with approved institu-6 embryos (StemCell Technologies). Stem cells were tional protocols and in accordance with the provisions differentiated to dopamine neurons using a five-stage for animal care and use described in the Guide for the process [for details, see (13)].
Care and Use of Laboratory Animals (NIH publication
Stage I: Expansion of Undifferentiated Embryonic No. 1985) .
Stem Cells. ES cells were plated on a gelatinized dish 6-Hydroxydopamine Lesions at 3 × 10 6 in 10 ml of KO-ES/ESGRO medium. Cells were fed daily for 3 days. All rats were given unilateral 6-hydroxydopamine (6-OHDA) lesions of the nigrostriatal pathway; 6-OHDA Stage II: Formation of Embryoid Bodies. Cells were (Sigma) was dissolved in 0.9% saline (containing 0.2% seeded at 2 × 10 6 on nonadherent culture dishes containascorbic acid) at a concentration of 3.0 µg/µl and stereoing KO-ES medium (R&D Systems) and cultured for 4 taxically injected into the nigrostriatal pathway of anesdays; the medium was changed on day 2 by transferring thetized rats at a rate of 1.0 µl/min for 2 min. Each rat the medium to a 15-ml tube, allowing the embryoid bodreceived two injections of 6-OHDA: one in the vicinity ies to settle to the bottom, aspirating medium, and reof the medial forebrain bundle (AP −4.4, ML 1.2, DV placing medium with 10 ml of fresh KO-ES medium. −7.5) and the other in the rostral pars compacta of the Embryoid bodies were then transferred back to the origisubstantia nigra (AP −5.3, ML 2.0, DV −7.5); all coordinal dish. nates reported in this study represent millimeter adjust-Stage III: Expansion of Nestin+ Cells. Cells were ments from bregma (AP, ML) and below the dural surtransferred to a 10-cm tissue culture dish and cultured face (DV) with the top of the skull in a flat position.
for 24 h at which time the cells attached. The KO-ES This technique routinely produces complete lesions of medium was replaced with ITS/fibronectin medium dopamine neurons in the A9 and A10 midbrain regions, (R&D Systems). Cells were cultured for 6 days with the and near complete denervation of dopaminergic fibers medium being changed every other day. innervating the ipsilateral striatum. Lesions were veri-Stage IV: Expansion of Nestin+ Cells. Medium was fied by amphetamine-induced rotational behavior and/or removed and cells were washed with 10 ml PBS. One histological examination for the loss of TH+ neurons in milliliter of a 0.05% trypsin/EDTA solution (Sigma) midbrain sections. was used to detach cells from the plate; 5 ml of KO-ES Ventral Mesencephalic Tissue Grafts medium was used to neutralize the trypsin. Cell clumps were first transferred to a 15-ml tube and allowed to Four weeks after the 6-OHDA lesion recipient animals (n = 7) were anesthetized with halothane (1.0-settle to the bottom for 5 min. The suspended cells were then transferred to another tube and centrifuged for 5 1.5% mixture with air) and placed in a stereotaxic apparatus. At the same time, the ventral mesencephalon was min at 220 × g. Supernatant was discarded and replaced with N-2 plus/FGF basic/FGF-8b/Shh-N/ascorbic acid dissected from E14 fetuses obtained from time-pregnant Sprague-Dawley rats (Harlan Farms) and stored individ-medium (R&D Systems). Cells were seeded at 4 × 10 5 / 500 µl on both 10-cm and 24-well poly-l-ornithine/ ually in a cold, sterile, calcium/magnesium-free buffer (CMF; 0.15 M NaCl, 8.0 mM Na 2 HPO 4 , 2.7 mM KCl, fibronectin-coated dishes in N-2 plus/FGF basic/FGF-8b/Shh-N/ascorbic acid medium; we used the Mouse 1.5 mM KHPO 4 , 26.0 mM NaHCO 3 , 0.1% glucose, 100 mg/ml streptomycin, 2.5 mg/ml fungizone, pH 7.2). The Dopaminergic Neuron Differentiation kit (a proprietary combination of recombinant human FGF-2, recombinant ventral mesencephalon from a single fetus was drawn into the blunt end of a 22-gauge spinal needle and ste-mouse FGF-8b, and recombinant mouse sonic hedgehog amino-terminal peptide; R&D Systems). Cells were fed balanced treatment groups based on their pregraft rotational scores. each day for 4 days.
Stage V: Differentiation to Dopaminergic Neurons. Immunohistochemistry Differentiation was induced by feeding the cells N-2
One week after the last rotational test (4-5 weeks plus/ascorbic acid medium without growth factors and postgraft), all rats were anesthetized with sodium pentothe medium was changed every other day. For the in barbital (55.0 mg/kg, IP) and transcardially perfused vitro study, cells were fed for 5-6 days and then the with cold saline followed by 4% buffered paraformaldecultures were fixed for histological analysis. For the hyde (pH 7.4 in 0.1 M phosphate buffer). Brains were transplant study, cells were fed for 4 days; on the 4th postfixed overnight in paraformaldehyde and transferred day of stage V a 0.05% trypsin/EDTA solution was used to 30% sucrose. Sections (40 µm) were cut using a slidto remove cell layers from 10-cm dishes. Cells were ing microtome and placed into a cryoprotectant solution then counted in a hemocytometer and suspended in at −20°C (23). For immunohistochemical (IHC) de-Hanks BSS at a concentration of 200,000 cells/µl. tection of tyrosine hydroxylase (TH), dopamine beta-Embryonic Stem Cell (ESC) Grafts hydroxylase (DBH), and the immune markers ED-1 or OX-8, free-floating sections were incubated overnight in Four weeks after the 6-OHDA lesion, recipient animouse antisera containing a monoclonal antibody against mals (n = 7) were anesthetized with halothane (1.0-TH, DBH, ED-1, or OX-8 (1:8000, 1:400, 1:200, or 1.5% mixture with air) and placed in a stereotaxic appa-1:200, respectively; Chemicon). The sections were then ratus. Donor cells were harvested from stem cell cultures incubated in an affinity-purified biotinylated goat antiat day 4 of Stage V cultures (see above). All rats were mouse IgG secondary antibody (1:800, Chemicon) and given a 2.0 µl injection of a 200,000 ESC cells/µl susthen incubated in an avidin-biotin-peroxidase complex pension at a rate of 0.5 µl/min for 4 min into the le-(Vector Laboratories). Staining was completed by placsioned striatum (AP +0.5, ML +2.5, DV −5.5) while uning sections in a 0.003% H 2 O 2 solution containing dider anesthesia; injector needle was left in place for 2 aminobenzidine chromagen to visualize the reaction. min following the end of the injection. Animals received Sections were counterstained with cresyl violet. To condaily injections of 10 mg/kg (IP) cyclosporin A (Santrol for nonspecific staining, some brain sections were dImmune Pharmaceuticals) beginning 1 day prior to ES immunostained without the addition of primary anticell graft implantation and continuing until the animals body. were euthanized.
Cell Counts and Quantification of Fiber Outgrowth Immunocytochemistry
Cell counts were made using light microscopy. Counts On day 5 of Stage V, cells in a 24-well dish were of TH+ cell bodies were made in every third section fixed with a 4% buffered paraformaldehyde solution (pH throughout the rostral-caudal extent of the lesioned/ 7.4 in 0.1 M phosphate buffer) for 15 min and subsetransplanted striatum. Particles less than 5.0 µm were quently stained with antibodies as a quality control meanot counted. The total number of TH+ cell bodies was sure. Groups were individually stained for nestin antisummed for each animal and an average value (±SEM) body (1:1000; Chemicon, Temecula, CA), βIII-tubulin was calculated for each of the treatment groups. Cell (1:500; Promega), GFAP (1:1000; Chemicon), tyrosine counts were made with the observer blind to the treathydroxylase activity (1:1000; Chemicon). ment.
Rotational Behavior
Fiber outgrowth from transplants was quantified using methodology from a previous study (25). Briefly, Amphetamine-induced rotational behavior was tested in all animals 3-4 weeks after grafting. Rotational be-low-power (2×) images of brain sections containing THimmunostained transplants were captured via a video havior was induced by a systemic injection of amphetamine (5.0 mg/kg, IP). Rats were placed inside opaque frame grabber and stored to computer disk as TIFF files; approximately 6-8 brain sections containing grafts were 16-in.-diameter cylindrical chambers that were positioned directly beneath a video camera. The video camera was used for analyses. Image files were analyzed on a computer using the public domain Scion Image program. connected to a Videomex V image motion computer system (Columbus Instruments, Columbus, OH). The to-Coarse fibers, cell bodies, and fine granules immunostained for TH were distinguished from one another by tal number of 360°clockwise or counterclockwise rotations was measured during each 90-min test session. For their detection at different density levels. For example, fine TH-immunoreactive elements distributed diffusely this experiment animals with pregraft scores that averaged ≥4 rotations per minute were included from the within the host striatum were measured by adjusting density levels to exclude TH+ cell bodies and back-study; these animals were then divided into two equally ground from the calculation. All density measurements RESULTS were made with the observer blind to the treatment.
In Vitro Results for Differentiated ESC Cultures
Statistics Figure 1 shows examples of ESC cultures at various stages of the five-stage culture process. At stages 4-5, Data for cell counts and densitometry were analyzed using a t-test and rotational scores were analyzed using cells with a neuronal phenotype are present. During the fifth day of stage V, a large number of cultured cells a one-way repeated measures ANOVA. express βIII-tubulin and TH. We also observed the presence of GFAP+ cells in these cultures (data not shown).
In Vivo Results: TH+ Cells, Fiber Outgrowth, and Immune Response
We found that both types of grafts yielded similar numbers of TH+ cells (Fig. 2) . The average number of TH+ cells found in fetal VM grafts was 510 ± 127.5 while ESC grafts contained 716 ± 188.6 TH+ cells. Figure 3 shows an example of an ESC graft. Adjacent brain sections containing ESC grafts were immunostained for DBH and no labeling was observed in any sections (not shown). Figure 4 shows typical examples of grafts and fiber outgrowth observed in both ESC and VM grafts. The area of TH+ fiber outgrowth from VM grafts was larger than that observed for ESC grafts; however, statistical analysis of these data indicates that the difference in the mean values only approached significance ( Fig. 5 ). Adjacent brain sections from VM and ESC grafted brains were also immunostained for two immune mark- Figure 6 shows examples of OX-8 immunostaining in a those in the SVZ region and may have migrated into the striatum from either the SVZ or the ESC graft. typical VM graft and also the most extensive labeling of OX-8 we observed in any of the ESC grafts.
In addition to the TH+ cells observed within ESC Effects of ESC or VM Grafts grafts, we also observed cells in the subventricular zone on Rotational Behavior (SVZ) labeling for TH; this was only observed in ESC grafted brains and not in the VM grafted brain. Figure 7 Rotational behavior was tested at 3-4 weeks after grafting, and statistical analysis of these data revealed shows cells lightly labeled for TH in the periventricular region of the striatum that have a similar morphology to animals receiving VM grafts exhibited a greater reduc-ducing rotational behavior as were VM grafts. Of the top three animals in the ESC group that had the highest number of grafted TH+ cells, only one showed a reduction in amphetamine-induced rotational scores that approached zero net rotations; the animal with the largest number of grafted TH+ cells in the ESC group showed a negligible reduction in rotational scores (pregraft: +455 rotations vs. postgraft: +313 rotations). Postgraft rotational scores for ESC grafted animals were very similar to the scores reported by Kim et al. (11) for their differentiated wild-type stem cell grafts (equivalent to our ESC grafts) in that they also observed a slight but incomplete reduction in amphetamine-induced rotational behavior that was only significantly improved in animals receiving grafts of Nurr1-transfected stem cells. While the placement of grafts can also affect the outcome of various behavioral tests (16), we did not observe significant variability in graft placement either within or between the two treatment groups. We (27) and others (3, 7) have reported that functional recovery and, more specifically, rotational behavior are more highly correlated with the extent of fiber outgrowth than with the animals receiving VM grafts and exhibiting an area of TH+ fiber outgrowth similar to the average area of fiber outgrowth for the ESC group tended to show greater tion in rotational scores that was statistically significant reductions in rotational scores than did the ESC grafted from scores for ESC grafted animals at the same time animals. It is conceivable that at the time of grafting point (Fig. 8) ; rats in the ESC graft group did not show TH+ cells in ESC grafts were at a more immature state a statistically significant reduction in rotational scores than VM grafts and therefore functional reinnervation of when compared with pregraft scores. There was no stathe host striatum was either impaired or delayed beyond tistically significant difference in pregraft rotational the end point of this experiment. A delayed functional scores for the two treatment groups.
effect of grafting has been reported in studies using xenografts of human fetal ventral mesencephalic cells DISCUSSION placed into rat striatum and also following transplantation of ESC-derived dopamine neurons grafts (5, 20) . The results of this study confirm the findings of previous studies that reported dopamine neurons can be It is also not likely that the difference in graft function is due to an immunological response to ESC xeno-generated from cultures of embryonic stem cells and successfully implanted into the adult brain in a rodent grafts. It has been known for a long time that xenografts of embryonic mouse VM implanted in the denervated model of Parkinson's disease (11, 21) . In ESC grafts, we observed robust survival of TH+ cells within the grafts striatum of nonimmunosuppressed rats exhibit long-term survival, reinnervate the striatum of the host brain, and and all ESC grafts were DBH negative, indicating that the grafted ESC neurons labeling positive for TH were establish functional contacts that effectively improve motor function (4) . Furthermore, immunosuppression most likely dopaminergic cells. However, when compared directly to fetal VM grafts, we observed differ-with cyclosporin A enhances the survival of xenografts containing embryonic dopaminergic neurons with only ences in the function and morphology of each graft type.
Functionally, ESC grafts were not as effective at re-a low-level immune response, and these grafts produce significant functional effects in terms of reducing rota-results should be discussed within the context of this study. One important finding from this seminal study tional scores (6, 8) . In the present study animals were immunosuppressed with cyclosporin A and several im-was Nurr1-transfected stem cells could be differentiated so the proportion of TH+ neurons reached 78% of the mune markers revealed only a low-level immune response to grafted ESC; some of the largest ESC grafts contained total neurons present in differentiated embryonic stem cell cultures. The reduction of nondopaminergic neurons very low levels of reactive macrophages/microglia or cytotoxic T-cell infiltration into the ESC graft site. Fig- in the total population of ESC may be an important factor in terms of the regulation of dopamine release from ure 6 shows cytotoxic T-cell infiltration into both graft types was similar. Therefore, it is unlikely that the lack the grafted cells. However, grafts derived from E14 fetal tissue typically yield a low percentage of TH+ cells (10-of functional recovery observed in ESC grafted animals is solely due to an immunological rejection of the ESC 15%) yet innervate the host striatum and produce functional effects similar to those reported for Nurr1 ESC graft.
The present study was inspired from the intriguing grafts. tween ESC-derived factors and the neural precursors that reside in this site (15), or these cells simply migrated out of the ESC graft. It is interesting that many of these cells were found in ventricular wall and periventricular region. These straggler TH+ cells were distinctly different from those located within ESC or VM grafts. The morphological characteristics of these cells indicate they may be immature neurons because at the light microscopic level they resemble neuronal cell bodies without dendritic or axonal processes. The fact that these cells displayed a TH phenotype suggests that they most likely originated in the ESC graft. If these cells were ESC that migrated from the graft, then it would suggest not all ESC were postmitotic at the time of grafting and would explain the immature morphology of these cells 4-5 weeks after the grafting procedure. It was reported that ESC taken 1 day earlier in the differentiation stage (stage V, day 3) than what we used in the present study (stage V, day 4) did not show any the striatum are capable of differentiating into TH+ cells and VM grafts (n = 7). Scores are plotted as net rotations (ipsi- (5) , and this may be a likely explanation for the exislateral rotations minus contralateral rotations). ANOVA was performed on these data and the results show a significant dif-tence of these displaced TH+ cells. If these cells origiference between the ESC grafted group and the VM grafted nated from the ESC graft, then the cells should also label group (*p = 0.03).
for a mouse-specific marker, such as Thy-1; future studies will utilize this marker to differentiate between cells derived from the host or graft. Given a number of these cells were located in the SVZ and periventricular region, wild-type grafts, it is difficult to determine if the number of surviving grafted TH+ cells may have been responsi-we cannot rule out the possibility host neural progenitors may have been a source for these cells. While neural ble for the enhanced recovery seen in the animals receiving the Nurr1 ESC grafts. The results from the present progenitor cells are known to reside in the SVZ and typically migrate along the rostral migratory stream (RMS), study suggest that the number of TH+ cells alone is not a factor and TH+ cells in ESC grafts may be lacking they can be induced to migrate towards the site of a brain injury (18) and thus could conceivably be induced some important characteristics for the differentiated neurons to functionally integrate with host striatum. We to migrate toward a graft site. Bertarbet et al. (2) reported SVZ cells grafted into the neostriatum migrate in should also consider the possibility that the composition of neuronal and nonneuronal elements within an ESC the dorsal striatum and have a neuronal morphology. Zhao et al. (28) also reported adult stem cells migrate graft may be sufficiently different from VM grafts and therefore dopaminergic neurons function differently in into the substantia nigra and replace dopamine neurons following a neurotoxic lesion of the nigrostriatal path-these environments. For example, the percentage of glia present within the graft environment may be important way. Ectopic placement of ESC grafts into the denervated striatum may provide signals to adult stem cells for the function or outgrowth of grafted dopaminergic neurons. A critical balance between neuronal and non-located in the SVZ that are similar to those responsible for the induction of neurogenesis in the lesioned sub-neuronal phenotypes may be required before neural grafts can integrate and effectively regulate neurotrans-stantia and nigra, and this may provide a partial explanation for the phenomenon we observe in the ESC grafted mitter function. Future studies will need to determine whether ESC grafts contain a disproportionate number brain. Studies in our laboratory have shown that a combined infusion of GDNF and BDNF into the grafted stri-of nondopaminergic cells and how this may affect the function of grafted dopamine neurons.
atum also induced a similar phenomenon in terms of SVZ cells labeling positive for TH (unpublished obser-Our observation that cells extrinsic to the ESC graft and located in the dorsal striatum and around the SVZ vation). It is unclear exactly why a combined infusion of BDNF and GDNF would have this effect on neural also labeled for TH may represent an interaction be- 
